The properties of enzymes involved in energy transduction from a mesophilic (Bacillus subtilis) and a thermophilic (B. stearothermophilus) bacterium were compared. Membrane preparations of the two organisms contained dehydrogenases for NADH, succinate, L-ac-glycerophosphate, and L-lactate. Maximum NADH and cytochrome c oxidation rates were obtained at the respective growth temperatures of the two bacteria. The enzymes involved in the oxidation reactions in membranes of the thermophilic species were more thermostable than those of the mesophilic species. The apparent microviscosities of the two membrane preparations were studied at different temperatures. At the respective optimal growth temperatures, the apparent microviscosities of the membranes of the two organisms were remarkably similar. The transition from the gel to the liquid-crystalline state occurred at different temperatures in the two species. In the two species, the oxidation of physiological (NADH) and nonphysiological (N,N,N',N'-tetramethyl-p-phenylenediamine or phenazine methosulfate) electron donors led to generation of a proton motive force which varied strongly with temperature. At increasing temperatures, the efficiency of energy transduction declined because of increasing H+ permeability. At the growth temperature, the efficiency of energy transduction was lower in B. stearothermophilus than in the mesophilic species. Extremely high respiratory activities enabled B. stearothermophilus to maintain a high proton motive force at elevated temperatures. The pH dependence of proton motive force generation appeared to be similar in the two membrane preparations. The highest proton motive forces were generated at low external pH, mainly because of a high pH gradient. At increasing external pH, the proton motive force declined.
The effect of environmental temperature on the physical state, lipid composition, and physiological function of biological membranes has been studied thoroughly in mesophilic bacteria (18, 20, (24) (25) (26) . Thermophilic microorganisms, which are able to grow at a wide range of temperatures, are well suited for a study of thermoadaptive processes in cytoplasmic membranes.
Several adaptations are required for biological membranes for optimal functioning at high temperatures. In general, the phospholipid composition of bacteria changes with the growth temperature (13) . Adaptations at the protein level occur to allow enzymes from thermophilic microorganisms to operate at elevated temperatures (2) . The intrinsic heat resistance of proteins of obligate thermophiles has been obtained by simple amino acid substitutions or additional salt bridging, often without gross changes in the conformation of the enzymes (1, 17, 21, 28) . In thermotolerant microorganisms, the heat stability or lability of some enzymes has been suggested to be adjusted by alterations in intracellular environments (8) .
Membrane-bound enzymes of thermophiles receive increased attention, mainly because of their (thermo)stability, and therefore are suitable for purification-reconstitution studies. The respiratory chains of thermophilic species, consisting of highly organized multienzyme systems, such as dehydrogenases, electron carriers, and terminal oxidoreductases, have been investigated in terms of their redox carrier composition, activity, and sensitivity to classical inhibitors of electron transfer (6, 9) . Also, energy-transducing proper-* Corresponding author.
ties of several cytochrome components and ATPases from thermophilic organisms have been studied (10, 16) .
Aspects which have received little attention are the capacity of thermophiles to generate a proton motive force by respiration and the temperature dependence of these processes.
In the genus Bacillus, representatives of mesophilic, thermotolerant, thermophilic, and even caldoactive species are found (13) . In this paper, the energy-transducing properties of a mesophilic (Bacillus subtilis) and a thermophilic (B. stearothermophilus) species and the effect of temperature on these processes were studied.
MATERIALS AND METHODS
Cell growth and preparation of membrane vesicles. B. subtilis W23 was grown at 37°C with vigorous aeration in a medium containing 0.8% (wt/vol) Tryptone (Difco Laboratories), 86 mM NaCl, 25 mM KCl, and 150 ,ul of micronutrient solution per liter. This micronutrient solution contained MnCl2 (2.2%), ZnSO4 7H20 (0.05%), H3BO3 (0.5%), CoNO3 6H20 (0.46%), and Determination of enzyme activities. Cytochrome c oxidase activity was measured spectrophotometrically by monitoring the decrease in the absorbance of the alpha peak of cytochrome c with an extinction coefficient (reduced minus oxidized) of -550_540 = 19.5 mM-1 cm-'.
Oxygen consumption by membrane vesicles was measured polarographically in a 2-or 4-ml vessel with a Clarktype electrode (Yellow Springs Instrument Co.) The oxygenor air-saturated medium contained 50 mM potassium phosphate at the appropriate pH and 5 mM MgSO4 NADH, D,L-malate, succinate, L-lactate, or L-a-glycerophosphate at a final concentration of 10 mM or a combination of nonphysiological donors such as K+-ascorbate (10 mM) with N,N, N,N-tetramethyl-p-phenylenediamine (TMPD; 10 to 700 ,M) or phenazine methosulfate (PMS; S or 200 ,uM) was used as an electron donor. Because the measurements were made at different temperatures, a correction was applied for a temperature-dependent variation in the oxygen solubility of the medium.
Enzyme inactivation. To determine the rates of inactivation of various enzyme systems, membrane vesicles were incubated for different periods at different temperatures. Directly after the incubation period, the samples were put on ice until use. Residual enzyme activities were then determined at 30°C; no detectable inactivation of the enzyme activities tested occurred during the assay time. From the inactivation patterns at different temperatures, rate constants were determined as described by Warth et al. (27) and plotted semilogarithmically versus the reciprocal of the absolute temperature. From the linear relationships obtained, the so-called inactivation temperature (Ti), which is defined as the temperature at which enzyme activity is reduced by 50% in 10 min, was determined.
Proton motive force measurement (electrical potential and pH gradient). The transmembrane electrical potential (A*) was determined by two independent methods. From the distribution of tetraphenylphosphonium ion (TPP+) across the cytoplasmic membrane, as measured with a TPP+-sensitive electrode, the membrane potential was quantified as previously described (14) . A correction for concentrationdependent probe binding was applied according to the model of Lolkema et al. (14) . For measurements at different temperatures, oxygen-saturated media which contained a final The transmembrane pH gradient (interior alkaline) was determined by measuring the fluorescence changes of entrapped pyranine as described by Clement and Gould (3). Incorporation of pyranine was achieved by mixing 200 nmol of pyranine with 1 ml of membrane vesicles (10 to 20 mg of protein per ml), followed by a freeze-thaw sonication cycle. To remove external pyranine, the membrane vesicles were chromatographed over a Sephadex G-25 column (5x 1 cm) which was preequilibrated with the buffer used during the measurements. Fluorescence changes were measured by using the excitation-emission pair 460 and 508 nm with a Perkin-Elmer spectrofluorometer. Calibration was performed by titration with acid or base in the uncoupled membrane vesicles (i.e., in the presence of 2 nmol of 5-chloro-3-tert-butyl-2'-chloro-4'-nitrosalicylanilide per mg of membrane protein).
Determination of proton fluxes through membranes. A+,-induced proton flux measurements in B. stearothermophilus and B. subtilis membrane vesicles were performed at different temperatures in a well-stirred thermostat-equipped 2-ml cuvette, with phenol red (0.02-mg/ml final concentration) as the external pH indicator, by monitoring its absorbance change at 560 minus 610 nm. The rate of external pH change, as reflected by the absorbance changes of phenol red, was converted into H+ flux by using pulses of calibrated amounts of oxalic acid or KOH.
Membrane vesicles were washed three times in a buffer containing 0.5 mM 2-(N-morpholine)ethanesulfonic acid, 0.5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) adjusted to the appropriate pH, and 200 mM KCl. Valinomycin-induced potassium diffusion potentials were imposed across the cytoplasmic membranes by 100-fold dilution of the membrane vesicles (14 to 15 mg of protein per ml) in the same medium, in which sodium ions were substituted for potassium ions and additional phenol red was added. The potential was initiated by addition of a small sample of valinomycin (2 ,M final concentration).
Microviscosity determinations. The thermotropic behavior of the bacterial membrane preparations was determined from steady-state fluorescence polarization measurements of the fluorophore 1,6-diphenyl-1,3,5-hexatriene (DPH; Aldrich Chemical Co., Inc.) with a Perkin-Elmer spectrofluorometer. The experimental procedure used was described elsewhere (12) . All measurements were performed in a medium containing 100 mM potassium phosphate (pH 7.0) supplemented with DPH-preincubated membranes. Measurements with B. stearothermophilus membranes were performed at a DPH-protein ratio of 1.53 (nanomoles per milligrams of protein), and with B. subtilis membranes a ratio of 2.02 (nanomoles per milligrams of protein) was used. The apparent microviscosity (i) was calculated after correction for a grating factor (G) of 0.78 and for the light scattering of the membranes was applied as described elsewhere (12 drogenase activity. The activities in the latter membranes were recorded at a suboptimal temperature (45°C), and the measured activities thus do not reflect maximal turnover rates of the enzymes. Membrane preparations also had high NADH oxidase activity (Table 1) . B. stearothermophilus membranes also showed a significant rate of D,L-malate oxidation, but the oxidation rates of the other substrates tested were extremely low. Fig. la and b .
NADH oxidation involves a sequential series of oxidoreductase reactions, and the temperature dependency shown reflects the dependency of the overall process under substrate-saturating and steady-state conditions (Fig. la) subtilis membranes appeared to be rather temperature sensitive ( Fig. 2a and b) . In the thermophile, the two activities were much less sensitive to incubation at high temperatures. Cytochrome c oxidase was found to be extremely (thermo) stable (Ti = 86°C), whereas NADH oxidation turned out to be slightly more sensitive to high temperatures (Ti = 77°C) ( Fig. 2c and d) functioning of the embedded proteins. Information about the microviscosity of the two membrane preparations was obtained from DPH fluorescence polarization (Fig. 3) . At all temperatures, the apparent microviscosity of B. stearothermophilus membranes was higher than that of B. subtilis membranes. Furthermore, drastic changes in microviscosity, indicative of a transition from the thermotropic gel to the liquid-crystalline phase, occurred at different temperatures in the two types of membranes. For B. subtilis membranes, the transition took place between 15 and 30°C, and for B. stearothermophilus it occurred between 25 and 40°C. Membranes from B. stearothermophilus appeared to be more rigid in the gel state than membranes from the mesophilic species, whereas microviscosities tended to converge above phase transition temperatures. It is striking that the microviscosities of the two organisms were very similar at the respective optimal growth temperatures.
Proton motive force generation in membrane vesicles. Oxidation of various electron donors by the membrane vesicles led to the generation of a transmembrane electrochemical proton gradient (Ap) ( result in the generation of a significant Ap in either of the membrane preparations (data not shown). In B. subtilis membranes, the stimulatory effect of PMS on succinate oxidation resulted in the generation of a Ap at suboptimal temperatures ( Table 2 ).
The Ap generation was measured at different oxidation rates of ascorbate-TMPD in the two membrane preparations (Fig. 4) . The oxidation rates were manipulated by varying the TMPD concentration. In membrane preparations of the two organisms, the A4 increased with the oxidation rate, and the relationship between Ap generation and respiration rate was temperature dependent. At 20°C, higher respiratory activities were necessary to maintain a certain Aij in B.
subtilis membrane vesicles than in B. stearothermophilus membrane vesicles. For B. subtilis membrane vesicles, the highest respiratory activities shown in Fig. 4 represent the maximal oxidation rates of TMPD (Vmax) at the given temperatures. At the growth temperature of B. subtilis (37°C), significantly higher respiratory activities were necessary to obtain a certain At/. The relationship between oxidation rate and Atp generation at 37°C was very similar to the relationship observed for B. stearothermophilus membranes at 45°C. Although much higher respiratory activities could be obtained in B. stearothermophilus membranes at 45°C than at 20°C, the maximum Aqi at 45°C was slightly lower than that at 20°C. This strongly suggests increased ion permeabilities of these membrane preparations at higher temperatures.
To determine the proton permeability of the membrane preparations, K+ diffusion potentials (A4 = -120 mV) were applied and the rates of H+ influx were measured at various temperatures. These H+ influx rates are indicative of membrane proton permeability (Fig. 5) (Fig. 6) . However, when reduced TMPD (400 ,uM) was used as the electron donor in the presence of nigericin, no significant decline in the absorbance change was observed at high temperatures. The differences observed with the electron donors at high temperature (60°C) can be explained by the higher oxygen consumption rates with reduced TMPD as the substrate (6,640 nmol of 02 per min per mg of protein). At all three temperatures tested, a significant change of absorbance was observed upon the addition of nigericin, which is indicative of interconversion of the transmembrane pH gradient (ApH) to A4i.
pH dependence of Ap generation. At temperatures suboptimal for the two types of membranes (25°C for B. subtilis membrane vesicles and 40°C for B. stearothermophilus membrane vesicles), the components of the Ap, i.e., Atp and ApH, were determined at different pHs ( Fig. 7a and b) . The Atf was determined with a TPP+-selective electrode, whereas the ApH was determined with entrapped pyranine. The Ap in B. subtilis membranes was generated by oxidation of reduced PMS (20 ,uM) , whereas for B. stearothermophilus membranes reduced TMPD (400 ,uM) was used as the electron donor. In the two membrane vesicles, the Ap declined with increasing pH from -150 to -160 mV at pH for the two microorganisms resulted in a shift of the thermotropic gel to the liquid-crystalline phase transition temperature. In B. stearothermophilus, the effect of temperature on membrane composition has been studied in great detail (23) . It was demonstrated that at various levels alterations occur by variation of the growth temperature. Phosphatidylglycerol and cardiolipine (diphosphatidylglycerol) form 90% of the cellular phospholipids. An increase in phosphatidylglycerol content with a decrease in cardiolipine content occurred at increased growth temperatures. Furthermore, with increasing growth temperatures, a change in the acyl chain composition of all membrane lipids occurred, and a gradual depletion of unsaturated fatty acids, a prominent increase in the iso-anteiso fatty acid ratio, and an increase in the abundance of longer homologs of saturated linear fatty acids were observed (23) . The effect of growth temperature on the thermotropic behavior of the membranes in situ can be interpreted as maintenance of the apparent microviscosity (homoviscous adaptation) (23) . A distinct apparent microviscosity of the membranes of the mesophilic and thermophilic species at their respective growth temperatures appears to be essential, since the apparent microviscosities of the membranes of the two bacteria at their respective growth temperatures are remarkably similar. 5.5 to -90 to -100 mV at pH 8.0. This decline was mainly due to a decrease in the ApH, which was essentially zero at pH 8.0 in B. stearothermophilus membrane vesicles. In B. stearothermophilus membranes, the Al reached an optimum at pH 6.5 (-120 mV) (Fig. 7b) , whereas the Aqii in B. subtilis membranes appeared to be pH independent (Fig. 7a) .
DISCUSSION
The temperature optima and maximum rates of substrate oxidation were drastically different in the two membrane preparations. The temperature optima of NADH and cytochrome c oxidation corresponded rather well to the optimum temperature for growth. The electron transfer chain enzymes from the thermophilic microorganism showed much higher turnover rates (see, for example, cytochrome c and NADH oxidation) at optimal temperatures than did enzymes of the mesophilic counterpart.
Growth at high temperatures requires not only adaptation of membrane-bound enzymes with respect to activity and stability but also adaptation at the level of membrane phospholipid composition. This latter adaptation is reflected in the relationship between microviscosity and temperature in each membrane preparation. Increased growth temperatures (22, 29) . In a related thermophilic strain of B. stearothermophilus, PS-3, an Na+-H+ exchanger functions at high pH (7), underlining the significance of these exchangers in thermophilic microorganisms also.
